Abstract An automated procedure for the characterisation by image analysis of the morphology of activated sludge has been used to monitor the biomass in a pilot wastewater treatment plant during two runs inoculated with a different sludge and operated at two different temperatures. The bulking events were easily detected by image analysis. Correlations were found between settleability properties (Sludge Volume Index and settling velocity) and the morphological parameters (filament total length, filament number and floc size).
Introduction
The clarifier is an essential unit of biological wastewater treatment plants. It associates three functions: thickening, for sludge recycle to the biological reactor, clarification of the effluent, and sludge storage. The over-development of filamentous bacteria is one of the main problems associated with clarifiers around the world (Eikelboom et al., 1998) . A fast detection of the problem can enable a rapid action, to avoid sludge loss toward the receiving body and a decrease of the settleability rate. Most of the time the methodology used is based on manual counting and abundance evaluation using an index between 0 (no filamentous bacteria) to 6 (excessive amount) (Sezgin et al., 1978) . The use of image analysis for the automated counting and measurement of the total length of filaments situated outside of the flocs, enables a more precise and fast evaluation of the actual situation. A general procedure has been developed by da Motta et al. (1999) to evaluate on optical microscopy images the amount of filamentous bacteria as well as the size and fractal dimension of flocs. Correlations are frequently sought between the activated sludge morphology and usual measurements such as suspended matter (SS) or sludge volume index (SVI), in order to provide tools for early detection of bulking. If the validation on a real wastewater treatment plant is a necessary step (da Motta et al., 2000; da Motta et al., 2001b) , laboratory-scale experiments enable us to test well-defined operation conditions (da Motta et al., 2001a) .
Methods
The experimental set-up is composed of an aerated reactor (38 litres) and a clarifier (9 litres) (Figure 1 ). The sludge is recycled from the clarifier by a peristaltic pump (recycle rate of 1.5 L/hr). Five gas diffusers are placed on the bottom of the reactor. The clarifier is equipped with rotating wall and surface scrappers. Bacteria are fed with a synthetic wastewater (Vaxelaire, 1992) corresponding to a maximal chemical oxygen demand (COD) of 400 mg/l. The wastewater (feed rate 1.5 L/hr) is obtained by dilution of 100mL of concentrated substrate in 50 litres of tap water. A litre of concentrated substrate contains 628 g of meat extract (Viandox ® ), 33.82 g of sucrose, 27.06 g of NH 4 Cl and 3.68 mL of phosphoric acid. Two experiments have been conducted at two different average temperatures: 18°C (run 1) and 27°C (run 2). For both of them the sludge has been initially taken from the recycle line of a large municipal wastewater treatment plant and adapted to its new growth conditions according to the following procedure: 100 mg COD/L for 1.5 days, 200 mg COD/L for 5 days, 300 mg COD/L for 1.5 days and 400 mg COD/L until the end of the experiment. For run 1, bulking occurred on day 10: subsequently the wastewater COD was reduced to 100 mg COD/L after day 15.
The settleability characteristics were measured in a 10 L cylindrical column (diameter 15 cm, height 70 cm). The settlement of the sludge blanket was monitored for at least 30 min and the data were analysed according to Kynch's theory (Kynch, 1952) . The average settling velocity (V) is obtained by a linear regression in the free settling zone. The sludge volume index (SVI) is defined as:
where H 30 is the blanket height after 30 min and C 0 the sludge concentration at time zero.
After the sludge settlement, the supernatant turbidity (in FTU) was measured with a Hach DR 2000 spectrophotometer. The sludge concentration (MLSS) was measured by centrifugation of a sample aliquot for 15 min at 3,000 rpm and by drying the solid residue for 12 hours at 105°C. The volatile suspended matter (MLVSS) was obtained by calcination of this residue at 550°C for 2 hours. %MLVSS is defined as 100 · MLVSS/MLSS.
An optical microscope (Dialux 20, Leitz) equipped with a video camera (CCTV model HV-720E(F)), connected to a PC via a Matrox Meteor grabbing board was used. A drop of mixed liquor was carefully deposited and covered with a cover slip. A series of 70 images (meso-scale visualisation at magnification ×100, bright field illumination) and of 50 images (macro-scale visualisation at magnification ×25, black field illumination) was grabbed by a systematic examination of the slide.
For the meso-scale images, a procedure, called FlocMorph V.0, has been developed with the framework of Visilog™5 (Noésis, Les Ulis, France) (da Motta et al., 1999) and is summarised in Figure 2 . The grey-levels images (768 × 576 pixels) are initially enhanced (delineation, halo suppression) and automatically segmented. On the resulting binary images the discrimination between flocs on one hand and small debris and filamentous bacteria on the other hand is based on their size: the objects still present after a 2-iterations opening are considered as flocs. The discrimination between small debris and filament is based on the size and the gyration diameter: objects with a projected area larger than 200 pixels and a gyration radius larger than 1 are filaments. The flocs that are not in contact with the image frame are characterised by their projected area (S) and fractal dimension (D f ). The fractal dimension is usually very sensitive to the definition of the contour of the particle. The method proposed by Russ (1995) has been used for its robustness. The floc diameter is defined as D eq = 2 √S/π. After filament skeletonisation (Russ, 1995 ) the number and Figure 1 General view of the experimental set-up the total length of filaments (L f ) (i.e. the total length of all filament skeletons in the image) per image are calculated. As the images are observed by transmission these values are proportional to volume specific values. However the exact volume represented by an image is unknown. Only the area of the field of view could be calculated.
The initial and final steps of the treatment of the macro-scale images (halo suppression, segmentation, debris removal) are presented in Figure 3 . As previously, a floc diameter (D eq ′) is calculated from the floc surface on the binary image. The macro-scale images enable us to have a better visualisation of the flocs as large flocs have a lower probability to be cut by the image borders at that magnification. However on macro-scale images, the filaments are not visible.
Both procedures are fully automated and the task of the operator is reduced to image grabbing. The result files are analysed using Excel (calculations of averaged values and standard deviations) and StatBox Pro (Grimes, Paris).
Results Figure 4 shows the variations of the temperature and the rainfall on the full-scale wastewater plant from where the sludge was sampled to inoculate the pilot-scale reactor. In both cases the sampling took place after a rather intense rain event, in winter for run 1 and in summer for run 2.
Shortly after the start of run 1, the MLSS decreased sharply due to deflocculation during the adaptation phase ( Figure 5 ). The decrease of %MLVSS is related to the sludge mineralisation during the same period. For run 2 the decrease of MLSS and %MLVSS is much smaller due to a reduced deflocculation. In run 1 filamentous bulking was observed immediately after deflocculation. Bulking occurred much later in run 2, after a second deflocculation. These deflocculations correspond to an increase of the supernatant turbidity and a decrease of the meso-scale floc diameter (Figure 6 ). After the initial deflocculation the meso-scale floc diameter and %MLVSS increased sharply on the onset of bulking in run 1; both are larger in run 1 than in run 2.
In run 1, during the initial deflocculation, the settling velocity increased (Figure 7 ), due to the sludge concentration and floc size decrease. Then it decreased during the bulking event as the filamentous bacteria grew and the filament length/image increased (Figure 8 ). To recover from bulking in run 1, the COD concentration in the feed was reduced on day 15: the sludge volume index decreased, the settling velocity increased and the filament length/image slowly decreased. The overgrowth of filamentous bacteria in run 2 was less severe than in run 1. In run 1 the sludge volume index was multiplied by a factor of 10 within two days, reaching values around 1,000 mL/g. In run 2, the sludge volume index remained below 500 mL/g. Large variations of the floc fractal dimension were observed in run 1, showing important changes in the floc structure. Linear correlations were obtained between the total length of filament/image and the sludge volume index for both runs with correlation coefficients (R 2 ) higher than 0.82, but the slopes take different values (Figure 9 ). These different slopes support the assumption of a different nature or growth behaviour of the filamentous bacteria between winter and summer. Although many filaments are cut by the image borders, the filaments in run 1 appear to be much longer than in run 2 (on average, 220 µm in run 1 and 120 µm in run 2), causing a rapid increase of SVI. In Europe Microthrix parvicella has been linked to many foaming and bulking problems (Wanner et al., 1978; Madoni et al., 2000) . According to Knoop and Kunst (1998) Microthrix parvicella develop long filaments at low temperature such as those occurring in winter, as observed during run 1.
Correlations were also obtained between the total length of filament/image and the settling velocity. In run 1, the correlation coefficient is low (R 2 = 0.6) because the floc size, in terms of its average size and of the standard deviation of its distribution, is larger than in run 2 (Figure 10 ). Figure 11 shows that there is some correlation between the settling velocity and the square of the floc diameter, measured at the meso-or macro-scale. Macro-scale diameters are slightly larger than meso-scale as large flocs, in contact with the meso-scale image frame, are discarded from the size assessment.
To confirm these observations, a multilinear parametric analysis has been performed for the sludge volume index, taking into account the meso-scale diameter and the filament total length/image (Table 1 ). In this type of analysis a linear model of the type
The quality of the model is given by the modified correlation coefficient R 2 , which takes into account the agreement between the model and the data and the complexity of the model. In run 1, a slight improvement is obtained by including the diameter (increase of R 2 ), but no effect is observed for run 2. It was also noticed that D f did not affect significantly the sludge volume index (i.e. a model including D f has a lower R 2 ). Another Figure 9 Correlations between the total filament length/image (L f ) and the sludge volume index (SVI) for both runs analysis was performed for the settling velocity, taking into account all the data points (Table 2 ) or only those of run 2 (Table 3) . The considered models are of the type
The floc diameter (or its projected surface) should indeed be considered. D f can be eliminated, as its inclusion does not improve the correlation coefficient.
Conclusions
An automated and user-friendly procedure for the characterisation by image treatment of the morphology of activated sludge has been used to monitor the biomass in a pilot-scale wastewater treatment plant, which allows us to test the sensitivity of the method for the detection of filamentous bulking. Two runs were performed with different inoculation conditions and at different temperatures. In both cases, the bulking events were detected easily by examination of the morphological parameters related to the filaments. Correspondingly increases of the sludge volume index and decreases of the settling velocity were observed. Although examination at low magnification enables us to obtain a more precise floc size distribution, especially in its upper range, such an improvement has to be balanced against the time spent for the image grabbing and the fact that the filaments were not visible at that magnification. A single series of images at high magnification is sufficient for sludge morphology characterisation. Statistical analysis indicates that the sludge volume index and the settling velocity were correlated with the filament total length and number and the floc size (represented by its equivalent diameter) as measured by the image analysis procedure. Previously relations have been found between the floc fractal dimension and settleability properties (Grijspeerdt and Verstraete, 1997 ). In the conditions tested on this pilot-plant the floc fractal dimension is not a key factor.
This image analysis procedure has been specially designed to reduce the load work for the monitoring of filamentous bacteria in wastewater treatment plants. Further work is related to an automated identification of the predominant filamentous micro-organisms using stains and to establishing linear (or non-linear) correlations between the morphological and physical characteristics of the sludge.
